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SUMMARY 
The effect of n o n - r a d i a l  o r i e n t a t i o n  of stator 
vanes   on   fan   no ise  is i n v e s t i g a t e d .  A s u i t a b l e  
r e p r e s e n t a t i o n  of the f l u c t u a t i n g  p r e s s u r e s  
a r i s i n g  from v a n e - b l a d e  i n t e r a c t i o n  i s  employed 
t o  f o r m u l a t e  a s i m p l e  method of eva lua t ing  sound  
p r e s s u r e  levels i n  the r a d i a t i o n  n o i s e  f ie ld ,  
C o r r e l a t i o n  of c a l c u l a t e d  r e s u l t s  w i t h  available 
expe r imen ta l  data on LF336 f an  and  a small-scale 
e x p e r i m e n t a l  f a n  i n d i c a t e  the p r o f i t a b l e  u s e  of 
l ean ing  vanes  for  n o i s e  r e d u c t i o n .  
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NOMENCLATURE 
An amplitude of t h e  n t h  harmonic of a c o u s t i c  p r e s s u r e  a t  the field po in t  
amplatude of the (mn)th component of the 
f l u c t u a t i n g  p r e s s u r e  d i s t r i b u t i o n  a t  
ro to r - s t a to r  p l ane  
amn 
B number of ro tor   b lades  
CD 
cD 
'r 
'r1,'r2 
'V 
r o t o r  blade sec t ion  d rag  coe f f i c i en t  
s t a t o r  vane sect ion drag coeff ic ient  
r o t o r  blade chord 
c o e f f i c i e n t s  t o  describe r a d i a l  v a r i a t i o n  of (AL)l 
s t a t o r  vane chord 
c o e f f i c i e n t s   t o  describe non-radial  
r 
V 
A 
cw1'cw2 o r i en ta t ion  of wakes 
d p i t c h  of  wakes from blades or vanes 
ds elemental  vane  length
g a x i a l   d i s t a n c e   a tt i p   r a d i u s  between r o t o r  
t r a i l i n g  edge and s ta tor  lead ing  edge  
m number of c i r cumfe ren t i a l  modes 
N rotor   revolut ions  per   second 
n harmonic  index (=l, for  blade  passing  frequency) 
P acous t i c   p re s su re  i n  the r a d i a t i o n  f ie ld  
P p r e s s u r e   a t t h e  ro to r - s t a to r   p l ane   a s a 
func t ion  of r, 0 ,  and t 
R d i s t ance  of the field poin t  from fan center 
= , e  polar   coord ina tes  i n  the ro to r - s t a to r   p l ane  
rh f a n  r a d i u s  a t  hub 
r t fan  r ad ius  a t  t i p  
U t a n g e n t i a l   v e l o c i t y  of r o t o r  
v number of s ta tor   vanes  
V 
vr 
vS 
relative velocity at  rotor exit  
absolute velocity at stator i n l e t  
2Y ' 
$* 2 
A 
6V 
A 
( A  L) n 
Y 
P 
% 
VJW 
G, 
circumferential intercept of wake width 
at  the stator plane 
design value of absolute flow angle 
a t  s t a to r  i n l e t  
angle between the wake and the vane 
angle between non-radial vane and 
radial direction 
angle between non-radial wake and 
radial direction 
design value of re la t ive flow angle a t  
rotor exit  
angle between fan axis and tangent t o  mean camber 
l i n e  of rotor blade section at trailing edge 
velocity  deficit  .at wake center 
amplitude of the  n t h  harmonic of the fluctu- 
ating li€t on the  s ta tor  vane element 
amplitude of the n t h  harmonic of the fluctu- 
ating upwash angle a t   s t a to r  vane element 
rotor blade trailing edge offset  from 
radial direction 
vane lean angle 
density 
axial distance downstream from rotor blade 
t r a i l i ng  edge 
aspect angle of the field point measured 
from the fan axis 
polar coordinate of non-radial vane measured 
from Pv = 0 a t  r = r h 
polar coordinate of the non-radial wake center 
l ine  measured from qW = 0 a t  r = 
circular frequency 2nBN 
rh 
V i  
1. Int roduct ion  
This r e p o r t  describes t h e  work performed under Contract 
NAS2-5730forthe investigation of f a n  designs for  no i se  
reduction.  Measurements of no i se  from axial f a n s  i n d i c a t e  
a broad spectrum over a w i d e  range of frequencies and a number 
of discrete frequency peaks. It is  the latter tha t  w e  are 
concerned w i t h  i n  our s t u d i e s ,  s i n c e  the discrete frequency 
peaks are g e n e r a l l y  10 t o  30 dB higher t h a n . t h e  broad-band 
noise and are the  pr imary  cause  of annoyance. The frequencies  
a t  which these peaks appear  in  the noise spectrum are the 
fundamental blade passing frequency of the f a n  and i ts  higher 
harmonics. The sources of such noise are p r imar i ly  the s t eady  
aerodynamic loads on the r o t a t i n g  blades of the rotor, and the 
unsteady aerodynamic forces from the vane-blade in te rac t ion ,  
Our s tudies  under  the p resen t  con t r ac t  are limited t o  the 
latter of the t w o  above mentioned sources of n o i s e  s i n c e  
design changes  in  the Stator can be more easily incorporated and 
also it is poss ib l e  t o  reduce the vane-blade i n t e r a c t i o n  effects 
by such design modifications.  
obvious and w e l l  established approach t o  reduce the fan  
n o i s e  o r i g i n a t i n g  from vane-b lade  in te rac t ion  i s  t o  inc rease  
the rotor-stator gap. I n  the design of axial f ans ,  pa r t i cu -  
l a r l y  for l i f t - f a n  a p p l i c a t i o n s ,  it is not always poss ib l e  t o  
increase the rotor-stator gap. A comparatively new approach 
is the use of leaning vanes or blades t o  reduce the i n t e r a c t i o n  
effects. Limited experimental  data (refs, 1 t o  3) i n d i c a t e s  
the potent ia l  advantages one can reap by leaning  the vanes  in  
-1- 
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t h e  stator. A theore t ica l  s tudywas  under taken  t o  f u l l y  e x p l o r e  
this new approach and this r e p o r t  describes some of the r e s u l t s  
obtained. Acoustic measurements taken on a small-scale fan ,  
spec i f i ca l ly  des igned  t o  incorpora te  variations i n  stator vane 
geometry, are also p r e s e n t e d  i n  t h i s  r e p o r t .  
ou r  s tud ie s  of rotor-stator i n t e r a c t i o n  and the r a d i a t i o n  of 
noise genera ted  thereby  are presented here i n  terms of the  
events o c c u r r i n g  i n  a s i n g l e  stage l i f t  f an  conf igu ra t ion  
having the rotor  upstream of a stator con ta in ing  ou t l e t  gu ide  
vanes. In  such  fan  conf igura t ions ,  t h e  wakes shed from the 
radial  blades of the rotor occupy non-radial  or ientat ions as 
t h e y  interact w i t h  the downstream stator vanes. A s u i t a b l e  
r ep resen ta t ion  of the non-radial  geometry of the w a k e s  and 
t h e  vanes is d i scussed   i n   s ec t ion  2 of t h i s  r e p o r t ,  The 
unsteady aerodynamics of wake-vane i n t e r a c t i o n  and the re su l -  
t i n g  f l u c t u a t i n g  forces on the vanes are d i s c u s s e d  i n  s e c t i o n  
3. A s impl i f ied  procedure  for e v a l u a t i n g  t h e  characteristics 
of the n o i s e  r a d i a t i o n  f ield is  g iven  in  section 4 and t h e  
r e s u l t s  of numerical  computations on LF336 f a n  config- 
u ra t ion  are p resen ted  in  sec t ion  5. A brief d e s c r i p t i o n  of 
the small-scale, e l e c t r i c a l l y  driven, fan  conf igura t ion  employed 
in our experimental program i s  g iven  in  section 6,  a long w i t h  
a c o r r e l a t i o n  of measured data w i t h   t h e  theoretical estimates, 
The subsequent  and  f ina l  sec t ion  7 of t h i s  report is devoted 
t o  a brief d iscuss ion  of the advantages and l i m i t a t i o n s  of the 
use of lean ing  stator vanes  for  f a n  noise  reduct ion ,  Recom- 
mendations for f u t u r e  s t u d i e s  on this s u b j e c t  are a lso  sugges ted  
i n  the f i n a l  s e c t i o n  of the repor t .  
- 
-2- 
The r e s u l t s  of our studies presented here clearly show the 
potent ia l  use  of non-radial vanes for fan noise reduction, 
Application of such techniques t o  fan-jet engines of transport 
airplanes is f eas ib le .  The stator  design  concepts  presented 
here can lead t o  a quieter environment without incurring size 
and weight penal t ies .  
-3- 
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2, Orientation of Wakes and Vanes 
I n  considering the  use of leaning vanes for fan noise reduc- 
t ion,  it is of importance to  iden t i fy  the geometric orienta- 
t ion of w a k e s  shed by rotor blades and the circumferential 
location of their  intersections w i t h  the leaning vanes. I n  
the following, we shall examine the  parameters involved i n  
defining the wake and vane locations, 
a)  Orientation of non-radial wakes: 
I n  a l i f t ing   fan  w i t h  the rotor followed by the s ta tor  vanes, 
the wakes produced by the rotor blades have the same rotary 
motion as the rotor and  impinge on the stationary vanes, HOW- 
ever, due t o  the s w i r l  i n  the flow leaving the rotor ,  the wake 
from each rotor blade migrates, i n  the direction of rotor 
rotation,to an orientation different from tha t  of the blade 
/ 
traiLing edge. Consider the wake shed from the rotor blade 
occupying t h e  reference meridional plane at time t = 0. The 
t ra i l ing  edqe of the blade may not l i e  i n  this reference plane 
and  Let 9 denote the polar coordinates of the t r a i l i ng  
edqe w i t h  Q measured positive i n  the direction of rotor rota- 
t o e ,  
tion. 4 wake element  occupying the  location ( r ,  9 
time t = C would t ravel  along with the flow downstream of the 
t oe .  1 a t  
rotor,  and  would occupy a different circumferential location 
given by 
'E *tan dl 
- r + 'toe. 
- 
where t = axial  d i s t a n c e  downstream of blade  trail ing edge, and 
5 !_= angle of the absolute flaw downstream of the rotor,  
- 4- 
It is  of importance t o  note that d l  is  equal t o   t h e  design 
value dl,, only a t  f a r  distances from the rotor blade. When! 
i s  small compared to the rotor blade chord, we can use the 
following approximate relation 
-( 2 V C r )  
dl = dlm + (Pzm - a*,) e 
S*, = angle of the tangent t o  the  mean camber l ine of 
the rotor blade section at  the trail ing edge. 
Even though dl varies w i t h  7 , because of the above  assumed 
exponential dependence, it would be a reasonable approximation 
t o  use d ,  a t ?  i n  Eq. (2.1) t o  obtain the circumferential lma- 
t i o n  of the wake center line. Furthermore, one can ignore the 
convergence of flow annulus, i f  there i s  any between rotor and 
s ta tor ,  and use the radial locations at the rotor plane i n  eval- 
uating Ow from Eq. (.2.1). However, the values thus  obtained can 
be assumed t o  occur a t  the  corresponding (r/rt) locations i n  
the stator plane. One should  bear i n  mind that  
B*, , and Cr appearing i n  E q s .  (2 .1)  and (2.2) depend upon 
radial location r. 
3, %oo @ 2 m  
After calculating 8, a t  various radii according t o  the above 
described method, we can employ the wake location at the hub as 
reference t o  describe the non-radial configuration of the wake 
center line as 
I n  Fig. (2.1) are schematically shown a rotor blade and i ts  
wake location i n  the stator plane at  the instant the wake loca- 
t ion at  the hub crosses the reference meridional plane of 8 = 0 .  
- 5- 
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Utilizing the design data on LF336 fan listed i n  Tables 1 and 
2 ,  we have computed pw at  hub, pitch and t ip  loca t ions  for  
naminal rotor-stator gap t o   r o t o r  chord ra t ios  of 0.15, 1.0 
and 2.0. I n  each case w e  employed the value of 5 corresponding 
to stator midstation. The resulting values of Ct/, are pres- 
ented i n  Table 3. Based on the values of 9, a t  the hub, 
pitch and t ip  loca t ions ,  w e  chose the following quadratic form 
w i t h  the coefficients Cwl and Cw2 determined for  each rotor- 
s ta tor  gap value. The radial  variations of ww result ing from 
such quadratic representation are shown i n  Fig. (2 .2)  for  the 
three gap values considered. 
We note that these wakes typically shown i n  Fig. (2.1) lean 
i n  a direction opposite to that of rotor rotation as can be 
readily seen from the negative values of $LW. The angle $w 
a t  which the wake center l i n e  intersects a radial  l i n e  i s  of 
interest and can be obtained from 
\f.'w tanBw = r. -dr 
b) Configuration of non-radial vanes: 
I n  evaluating the influence of leaning vanes, let  us f i rs t  
choose an appropriate representation of their non-radial config- 
uration. L e t  us consider a n  element of length ds ,  located a t  
radius r along the length of  a  vane. All such e lemen t s  on the 
V number of vanes w i l l  be identical and equally spaced along 
- 6- 
the circumference.  In  as much as the aerodynamic forces on 
the vane element act near  i ts  quar te r -chord  pos i t ion ,  the locus  
of the quarter-chord points  a long a vane  def ines  the non- 
radial conf igu ra t ion  of the vanes. 
I n  polar coord ina tes  the non-rad ia l  na ture  of the above locus  
of the quar te r -chord  poin ts  can  be described by 
yvw I w i t h  9, = 0 a t  r = rh . 
I n  Fig. (2.1) i s  shown schematically the non-radial  vane whose 
hub l o c a t i o n  lies i n  the reference  mer id iona l  p lane .  For 
radial vanes pv 5 0 ,  and a variety of non-radial vanes can 
be described by s u i t a b l e  f u n c t i o n s  vv(r). The l i n e  j o i n i n g  
the hub and t i p  l o c a t i o n s  o f  the vane def ines  the-.averal.l ean  
angle  y of the v a n e  i r r e s p e c t i v e  of i ts  s p e c i f i c  c o n f i g u r a t i o n  
i n  between. From simple t r i g o n o m e t r i c  r e l a t i o n s  w e  can w r i t e  
rtSin k7.t 
where s u b s c r i p t s  t and h refer t o  t i p  and hub radi i  r e spec t ive ly .  
For vanes  lean ing  in  the d i r e c t i o n  of r o t o r  r o t a t i o n ,  i.e. for 
p o s i t i v e   v a l u e s  of $P , w e  would o b t a i n   p o s i t i v e   v a l u e s  of 
v , t  
vane lean angle Y . 
An impor t an t  f ea tu re  of the non-radial vane is the angle  8, 
a t  which the v a n e  i n t e r s e c t s  the radial d i r e c t i o n .  From simple 
geometric r e l a t i o n s  we  can w r i t e  
d h  tanav = r. - 
dr 
Depending  upon the func t ion  pv(r), the angle  8, can  inc rease  
-7- 
or decrease from hub t o  tip. 
By choosing an appropriate func t ion  pv(r) w e  can make a l l  
p o i n t s  (5, pv) l i e  on a straight l i n e  and obtain a straight 
leaning vane, which w i l l  be termed " l inea r  vane"  in  the 
fol lowing discussions.  B y  c o n s i d e r i n g  l i n e a r  v a r i a t i o n  of 
PV from hub t o  t i p  w e  ob ta in  a curved  conf igura t ion ,  which 
we shall  denote " l i n e a r -  kvane" i n  f u r t h e r  d i s c u s s i o n s .  
I n  the case of the l inea r  vane ,  the p o i n t s  ( r ,  $bv) along the 
vane s a t i s f y  the r e l a t i o n  
r s i n  bv 
r cos pV - rh = constant .  
The radial variation of l,bv obtained f r o m  the  above equation 
for rh/rt = .542 (from the stator parameters i n  GE-LF 336) 
a t  y = loo,  20° and 30° are shown i n  Fig. (2 .2) .  
I n  the case of l i n e a r -  9 vanes  theva lueso f  Wv are given by 
r - rh 
+ v = ( r  t -1: h 
where P v , t  for  each va lue  of = loo, 20° and 30° depend 
upon Eq. (2.7). 
c) Obl iqui ty  of wake-vane in t e r sec t ion :  
The angle  a t  which the rotor blade wake intersects the stator 
vane is  of importance as it governs the amplitude of t h e  f luc-  
t u a t i n g  l i f t  force on the vane. L e t  us consider the wake-vane 
in t e r sec t ion  occur r ing  a t  a r a d i u s  r. Relative t o  the radial 
l i ne  pas s ing  th rough  this i n t e r s e c t i o n  p o i n t ,  the vane m a k e s  
-8- 
an angle Bv as given by Eq. (2.8) whereas the wake center line 
makes an angle 6, as given by Eq, (2.5). Since the vane and 
the wake are leaning i n  opposite directions, the total angle 
between the vane and the wake is given by 
8, = Bv - B, (2.11) 
The radial variation of fl, obtained for linear vanes of lean 
angles = Oo, loo, 20° and 30°, located at g/Cr = 0.15 and 
2.0 are shown i n  Figs. ( 2.3) and (2.4) respectively. For 
the same conditions, the values of flr obtained for linear- $b 
vanes are shown i n  Figs. (2.5) and (2.6). 
-9- 
3. Wake-Vane I n t e r a c t i o n  
The o r i e n t a t i o n  of the w a k e s  and vanes, as d i s c u s s e d  i n  t h e  
preceeding  sec t ion  de te rmines  the time lags and circumfer- 
e n t i a l  l o c a t i o n s  of the wake-vane i n t e r a c t i o n s  o c c u r r i n g  a t  
d i f f e r e n t  radii  along a vane. The f low cond i t ions  wi th in  the  
w a k e s ,  as they rotate past each vane, w i l l  gene ra t e  f luc tua -  
t i n g  aerodynamic forces on the vane. I n  t h i s  s e c t i o n  we  shal l  
d i scuss  the method of e v a l u a t i n g  the ampli tudes of such  f luc tu-  
a t  ing  forces . 
a) Upwash a t  stator vanes: 
The velocity deficit  w i t h i n  t h e  wake and i t s  role i n  the gener- 
a t i o n  of f l u c t u a t i n g  i n c i d e n c e  a n g l e  a t  the stator vanes w i l l  
be d i s c u s s e d  i n  the fol lowing.  Since the f l o w  cond i t ions  wi th in  
the w a k e  as w e l l  as o u t s i d e  the wake would vary w i t h  r a d i u s ,  
le t  us  cons ider  the cond i t ions  occur r ing  a t  r a d i u s  r. The w a k e  
shed from a r o t o r  blade element located a t  r a d i u s  r and immersed 
i n  relative velocity Vr can be characterized i n  terms of i t s  
thickness  and velocity deficit. Following the ana lys i s  g iven  
by Kemp and Sears i n  ref. ( 4 ) ,  one can write down the fol lowing 
expression for the velocity deficit 6V i n  the wake. 
where y '  (the d i s t a n c e  from the wake center )  and  Y' ( t h e  wake 
ha l f - th ickness)  are both measured i n  the c i r cumfe ren t i a l  direc- 
t ion .  The  exponent ia l  term i n  the above equat ion  takes i n t o  
accoun t  t he  decay of the velocity deficit  for 0 2 y'  occurr ing  
- 10- 
i n  an isolated wake, and also  the inf luence of the multip- 
l i c i t y  of w a k e s  spaced a distance d apart along the circum- 
ference at  radius r. The,velocity deficit  at  the wake center 
l i n e  of an isolated blade, termed uc i n  the above Eq. (3.1)0 
depends upon the distance from the  blade t r a i l i ng  edge and the 
blade-section drag coefficient. Following the approach given 
i n  ref. ( 4 ) ,  one can w r i t e  
where f = the distance frcm rotor blade trailing edge  measured 
i n  t h e  axial direction, and 
8, = the rotor exit  relative flow angle evaluated a t  
distance 3 i n  a manner analogous t o  the calculation 
of dl i n  Eq. (2 .2) .  
A t  this downstream distance 5 , the w a k e  half-thickness Y' can 
be obtained from the following relation recommended i n  ref. ( 4  ). 
The wakes, containing the velocity deficit  as described by 
Eq. (3.1) rotate past the s ta tor  vane and cause fluctuating 
upwash a t  the s ta tor  vane. As i l lust rated i n  the velocity 
diagram shown i n  Fig. (3.1), the maximum velocity deficit  bV 
i n  the relative  velocity Vr w i l l  manifest i tself   as  an upwash 
angle So(  a t  the s ta tor  vane. 
A 
A 
Kemp and Sears have shown, i n  ref. ( 4 ) , that representing 
Eq. (3.1) i n  a complex Fourier series w i l l  result i n  the 
following expression for the  fluctuating upwash angle a t  the 
s ta tor  . 
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6 4  = - 
where n =  
BN = 
K =  
harmonic index 
blade passing frequency, and 
d +% 0 
The amplitude of the nth harmonic of t he  above f l u c t u a t i n g  
upwash angle  6ci can be w r i t t e n  as - 
A 
It should be k e p t  i n  mind tha t  the above va lue  of(6DOn depends 
upon the  
and upon 
'2 p and d 
rotor-stator gap because of the w a k e  characteristics 
the radius  because of radial v a r i a t i o n  of CD I vs I 
1' 
b) unsteady l i f t  forces on stator vanes: 
The outcome of wake-vane in t e rac t ion  can  be s t u d i e d  i n  terms 
of the effect on each element of a vane. As before, let  us 
examine the events on an element located a t  r a d i u s  r. I n  the 
preceeding discussion w e  have shown that  the wake-vane i n t e r -  
a c t i o n  leads to periodic f l u c t u a t i o n s  i n  upwash angle  a t  t h e  
vane element. AS a consequence there w i l l  be periodic f l u c t u -  
a t i o n s  i n  the aerodynamic force on the vane element ,  each 
harmonic component of which can be related t o  the corresponding 
harmonic  component of the f l u c t u a t i n g  upwash angle. I n  obtain- 
ing such a r e l a t i o n s h i p ,  we can treat  the vane element as if 
it were an element of a t w o  dimensional a i r foi l  Subjected t o  
flaw condi t ions  occurr ing  a t  the l o c a t i o n  of the vane element, 
The latter can be considered as r e s u l t i n g  from a s inuso ida l  
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g u s t  imbedded i n  a uniform steady flow of velocity Vs, m e  
s inuso ida l  gust can be 
wn = w *e * in2nBNt n 
where n = t.he harmonic 
frequency) 
I n  the case of leaning  
w e  h a v e   t h e   a d d i t i o n a l  
represented as 
index (-1 for the blade pass ing  
vanes  in t e rac t ing  w i t h  l ean ing  wakes 
effect of the span-wise component of 
the above mentioned s inusoidal  gust ,  as i l l u s t r a t e d  i n  Fig. (3.2). 
It is s u f f i c i e n t   t o  examine only the l i f t  force s i n c e  t h e  f l u c -  
t u a t i n g  pressure d i s t r i b u t i o n  i n  the stator plane can be con- 
sidered propor t iona l  t o  the f l u c t u a t i n g  l i f t  forces. U t i l i z i n g  
the theory developed by Filotas i n  ref. ( 5 ) one can derive 
the fo l lowing  r e l a t ions  for the amplitude of the s inuso ida l  
lift force on l eng th  ds of t h e  vane element under cons ide ra t ions  
h 
A P 2  W 
vS 
bL’, = - V C .dS*2IT*To- n 2 s v  
where wn/Vs is  the amplitude (6d), de f ined  in  Eq. (3,5), and T 
i s  the magnitude of the t r ans fe r  func t ion  d i scussed  by Filotas 
i n  ref. ( 5  ). I n  terms of t h e  o b l i q u i t y  of the wake-vane 
A 
i n t e r s e c t i o n s  o c c u r r i n g  i n  the l i f t  fan  conf igura t ion ,  it can 
be shown that  
T = {l + n k ( l + s i n  pf + ‘Trk cosgf) 2 
where 
k = - a -  n2nBN cV 
s i n s f  2vS 
8, = (8, - 8,) 
W e  no te  that  for a given vane element a t  a. g iven  loca t ion  
( r ,  Y J ~ ) ,  the inf luence  of o b l i q u i t y  of wake-vane i n t e r s e c t i o n  
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is contained implicitly i n  the transfer function To For the 
design flow conditons occurring i n  LF336 fan, we have computed 
from Eq. (3.5) the  amplitudes ( 6 d ) of the fundamental cm- 
ponent of the fluctuating upwash angle a t   d i f fe ren t   rad ia l  
locations and the results are presented i n  Table 3.1. Sub- 
stituting these values of ( 6 &  )1 into Eq. (3.7), the ampli- 
tudes (AL) of the fundamental component  of the fluctuating 
l i f t  force on a vane element located a t  the  different  radi i  
h 
A 
h 
are canputed 
convenience, 
t o  represent 
for  each vane configuration. For the sake of 
we  chose the following quadratic form, 
= ‘r1 + ‘r2 (3.8) 
the radial variation, w i t h  the coefficients deter- 
A 
mined from the values of ( A L ) ~  a t   t he  hub, pitch and t i p  radi i ,  
A 
To i l lus t ra te  the  magnitudes of ( A L ) ~  , the values obtained 
for the 45 vane configuration of GE-LF 336 are  shown i n  Figs, 
( 3.3) through 
used i n  these 
leaning vane. 
of lean angle 
A 
( 3 . 6 ) .  It is t o  be noted that the ordinate (A I,) 
figures is pounds force per foot length of the 
I n  Figs. (3 .3 )  and (3.4) are shown the effect  
of l inear  vanes and the effect  of rotor-stator 
gap. We observe, as can be expected, the considerable advantage 
of increasing the rotor-stator gap. We also f i n d  that  the 
influence of vane lean angle diminishes w i t h  increase i n  the 
gap between the rotor and the stator.  Similar results for the 
linear- vanes are  presented i n  Figs. (3.5) and (3,6), and it 
can be  seen that  the  advantage of linear- vanes over l inear 
vanes diminishes with increase i n  the rotor-stator gap. The 
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effect of i nc reas ing  the vane number is p resen ted  in  Figs, (3.7) 
and (3.8) r e s p e c t i v e l y  for the t w o  rotor-stator gap values  
considered. The advantage gained by inc reas ing  the vane number 
appears t o  diminish as the rotor-stator gap is increased. It 
i s  i n t e r e s t i n g  t o  observe t h a t  the amplitudes of the first 
harmonic of the f l u c t u a t i n g  l i f t  force on the vane element did 
not decrease propor t iona te ly ,  when the vane chord is halved 
i n  changing the vane number from 45 t o  90. The reason f o r  
such anomalous behavior lies i n  t h e  increase  of the magni- 
tude of the t r a n s f e r  f u n c t i o n  T,  when the vane chord is reduced, 
-15- 
4. Acous t i c   Rad ia t ion   F i e ld  
I n   t h e  prior s e c t i o n s  w e  have seen  how the  wake-vane i n t e r -  
act ion produces f luctuat ing aerodynamic forces on the stator 
vanes.  Such f luctuat ing forces w i l l  p roduce  acous t ic  radia- 
t i o n  from t h e  f a n ,  and a s impl i f ied  procedure  of e v a l u a t i n g  
t h e  characteristics of s u c h  r a d i a t i o n  f i e l d  i s  developed i n  
t h i s  sec t ion .  
a) F l u c t u a t i n g  p r e s s u r e  f ield a t  the rotor-stator plane: 
The f l u c t u a t i n g  force on each element of the vane, as d iscussed  
earlier, p r o d u c e s  f l u c t u a t i n g  p r e s s u r e  i n  the v i c i n i t y  of the 
vane  element, Let us  f irst  cmsider a radial vane located i n  
the r e fe rence  mer id iona l  p l ane  of 8 = 0 ,  a n d  i n t e r a c t i n g  w i t h  
B number of radial  w a k e s .  The f l u c t u a t i n g  p r e s s u r e  o c c u r r i n g  
a t  a p o i n t  l o c a t e d  i n  the cross s e c t i o n a l  p l a n e  n e a r  the i n t e r -  
ac t ion  reg ion ,  can  be w r i t t e n  as 
00 i ( n w  t+ 4J 
p ( t )  = c a;e 
n= 1 
where an = the amplitude of the nth harmonic component, and 
h) = 2flBN. 
Because of symmetry assumed i n  the wake velocity def ic i t ,  the 
p r e s s u r e  f l u c t u a t i o n s  w i l l  be symmetric and we can set Qn = 0 
i n  t h e  above Eq. (4.1). It can be readily seen tha t  an should 
be p ropor t iona l  t o  the amplitude of the nth harmonic of the 
f l u c t u a t i n g  l i f t  force on the vane element a t  r a d i u s  r. 
Considering the m u l t i p l i c i t y  of vane elements located along 
the circumference,  Tyler and  Sofr in  have shown i n  ref. ( 6 )  
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that  the f l u c t u a t i n g  p r e s s u r e  d i s t r i b u t i o n  i n  a n  e l e m e n t a l  
annulus a t  the r a d i u s  r can be. represented  as 
where V.am is the amplitude of the (m,n)th component, The 
value of m i n  the above equat ion  is  restricted t o  the va lues  
given by 
m = nB+jV: j = ...-l, 0,  l. (4.3) 
Depending upon the radial v a r i a t i o n  of f low condi t ions and blade- 
vane geometry, the c o e f f i c i e n t s  amn can be func t ions  of r ,  and 
w e  can w r i t e  the above equat ion in  the fol lowing form 
From the above r e p r e s e n t a t i o n ,  w e  observe tha t  the p res su res  
occurr ing along the l e n g t h  of any one vane w i l l  a l l  be i n  phase, 
which is t o  be expected i n  t h e  case of radial wakes i n t e r a c t i n g  
w i t h  radial vanes. 
I n  the case of l ean ing  vanes  in t e rac t ing  w i t h  non-radial  wakes, 
as i n  our presen t  l i f t  f an  conf igu ra t ion ,  the i n t e r a c t i o n s  
along the vane occur a t  d i f f e r e n t  times and a t  d i f f e r e n t  cirum- 
f e r e n t i a l  l o e a t i o n s .  W e  have p rev ious ly  related t h e  l ean ing  
vane conf igu ra t ion  w i t h  respect t o  the re ference  mer id iona l  
plane ( e = O )  passing through the vane  loca t ion  a t  t h e  hub. L e t  
us  assume tha t  a wake i n t e r s e c t s  the vane a t  the hub as s h m  
i n  Fig. (2.1) a t  t i m e  t = 0. The wake-vane i n t e r s e c t i o n  a t  any 
other r a d i u s  r occurs  a t  a c i r cumfe ren t i a l  l oca t ion  
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and after a time 
Furthermore, due t o  o b l i q u i t y  of the wake-vane i n t e r a c t i o n ,  the 
amplitude of t h e   f l u c t u a t i n g  pressure w i l l  be lower than tha t  
i n d i c a t e d  i n  Eq. (4 .2) .  As a consequence, w e  can modify Eq. (4 .2 )  
as 
Upon S u b s t i t u t i o n  of Eq, (4 .5 )  i n t o  the above, we  o b t a i n  
m o o  i(m0-nw t) -i(m-nB) L,bV -inBpW 
p ( r , e , t )  = c c V a a m n * e  .e -e (4.6) 
n = l  m=-m 
o r  
m i ( m 0 - n u t )  -i(m-nB) Ip, -inB lpw 
pn ( r , e , t )  = 2' Vaam.e -e .e 
m=-m 
f o r  the c o n t r i b u t i o n  from the nth harmonic. 
b) Calcu la t ion  of the a c o u s t i c  field: 
I n  e v a l u a t i n g  the a c o u s t i c  r a d i a t i o n  d u e  t o  the p r e s s u r e  f l u c -  
t ua t ions  occur r ing  a t  the fan, one can consider simple harmonic 
sources  appropriately d i s t r i b u t e d  o v e r  the cross s e c t i o n a l  area 
of the fan. It follows then  from Eq. (4.7) t ha t  the m t h  com- 
ponent of the s t r e n g t h  of each e lementa l  source  loca ted  a t  a 
po in t  ( r , e )  , typically i l l u s t r a t e d  i n  Fig. 4.1, w i l l  be propor- 
t i o n a l  t o  VaamrdOdr, whereas its phase angle depends upon bV 
and $Lw. The procedure for summing up the r a d i a t i o n  from a l l  
such elemental  sources d i s t r i b u t e d  over t h e  f a n  cross section 
(4.7) 
is  p r e s e n t e d  i n  ref. ( 6 ) ,  and one can write the  fo l lowing  
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expression for the nth harmonic canponent of the acous t i c  
pressure a t  the po in t  (R,*) i n  the r a d i a t i o n  field: 
P,(R,'Y) = Z+,(R,q) (4.8) 
where R = d i s t a n c e  of t h e  f ie ld  poin t  from f a n  c e n t e r ,  and 
= aspec t  ang le  measured from fan  ax is .  
Inasmuch as we are i n t e r e s t e d  o n l y  i n  the relative effect of 
changes i n  the stator conf igura t ion ,  it is  s u f f i c i e n t  t o  evalu- 
ate relative change i n  the amplitude An. 
It 
t o  
is shown i n  ref. ( 7 )  tha t  the amplitude A, is  proportional 
the abso lu te  va lue  of the integral  
m 
In = c I, , where 
m=l 
( 4.9) 
rt 2.rr 
[ J" v.atmn.e .e  .e mrdedr 
'h (4.10) 
i (me-krs inqcose)  -i(m-nB) wv -inB ww 
where k = n2'rrBN a c o u s t i c  v e l o c i t y  
The p r o p o r t i o n a l i t y  factors referred t o  above need n o t  be evalu- 
ated, since w e  are concerned only w i t h  t h e   r e l a t i v e  changes i n  
the  acous t ic  pressure  a t  a given point  (R,q) i n  t h e  radiation 
field. I n t e g r a t i o n  over 8 i n  the above expression can be w r i t t e n  
0 
where Jm is the Bessel funct ion of the first kind of order m, 
I n  eva lua t ing  the i n t e g r a l  of Eq. (4.10) for  var ious  stator 
conf igura t ions ,  it is  found that  the con t r ibu t ion  from the 
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smallest index \ m \  g iven  by Eq. (4.3) overshadows the  con t r ib -  
u t i o n s  from a l l  other va lues  of m. Consequently, it is  s u f f i -  
c i e n t  t o  use  the approximation 
where m* is  the smallest index I m l  o b t a i n a b l e  from Eq. (4.3) , 
for  the vane number employed. S ince  the root-mean-square 
va lue  of the nth harmonic of the a c o u s t i c  p r e s s u r e  Pn is 
An /a, and i n  view of i ts  dependence on Ifln as shown above , 
the relative change i n  the sound pressure level i n  the n t h  
harmonic from one conf igura t ion  t o  another can be evalua ted  as 
I... I 
w~ere n\  and \I 'm* n\ are the abso lu te  va lues  of t h e  integral 
of Eq. (4-.lo) evalua ted  for  t h e  t w o  c o n f i g u r a t i o n s  a t  the respec- 
t i ve  va lues  of m*. S i m i l a r l y ,  t h e  relative change i n  sound 
power level a t  the n t h  harmonic can be w r i t t e n  as 
The 
A 
J 
0 
amplitude of the n t h  harmonic of t h e  f l u c t u a t i n g  l i f t  force 
( A  L ) ~  as computed i n  Eq. (3.7) manifes t s  itself as p r e s s u r e  i n  
the neighborhood of the wake-vane i n t e r a c t i o n  z o n e ,  whose 
s p a t i a l  h a r m o n i c  d i s t r i b u t i o n  is rep resen ted  by the coefficients 
a *  i n  Eqs .  (4.7) and (4.10) . Inasmuch as the  in t e rac t ion   zone  
extends over a small range of 0 con ta in ing  the vane element, 
mn 
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the c o e f f i c i e n t  aamn w i l l  no t  s t rong ly  depend upon the va lue  
of m, and can be considered proport ional  t o  ( A L ) ~  eva lua ted  
from Eq. (3.7). Also, w e  n o t i c e  that an  elemental  length ds 
of the leaning vane appears on t h e  right hand side of Eq, (3 ,7 ) ,  
whereas the  e l emen ta l  d i s t ance  d r  is used i n  the i n t e g r a l  of 
Eq. (4.10).  The r e l a t i o n  between dr  and ds depends upon t h e  
angle 8, obtained from Eq, ( 2 . 8 ) .  
A 
The s impl i f i ed  r ep resen ta t ion  of the a c o u s t i c  r a d i a t i o n  f ield 
of the fan  no i se ,  as derived here, w a s  feasible and s u f f i c i e n t  
because of our i n t e r e s t  i n  e v a l u a t i n g  o n l y  the relative effects 
of changes i n  t h e  stator configurat ion,  
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5 .  Resu l t s  of Acoustic Computations on LF336 Fan 
For  the des ign  parameters of the LF336 f a n  as listed i n  Tables 
(2.1) and ( 2 . 2 ) ,  we have  cons idered  the  use  of va r ious  stator 
conf igu ra t ions .   Pa rame t r i c   va r i a t ions  of s ta tor -vane  number, 
their lean  conf igura t ion ,  and  rotor-stator gap are considered. 
U t i l i z i n g  the wake-vane i n t e r a c t i o n  f o r c e s  as computed frm 
Eq. (3.7) for each vane configurat ion,  the i n t e g r a l  o f  Eq. (4.10) 
i s  eva lua ted  a t  m = m*, corresponding t o  each vane-number 
considered.  Because of the behavior of the Bessel func t ion  
i n  Eq. (4.11) over the range of parameters  considered,  w e  took 
increments Of 0.01 rt for rh < r e rt i n  e v a l u a t i n g  the i n t e g r a l  
Im* n a t  every 2O increments  in  the a s p e c t  a n g l e y  . 
T o  e v a l u a t e  t h e  overall effect of leaning vanes on noise reduc- 
t i o n ,  w e  have computed relative sound power levels from Eq. 
(4.14) a t  the fundamental frequency, for var ious  va lues  of  
vane number V and their l e a n  a n g l e y  . The r e s u l t s  are pres- 
e n t e d  i n  Figs. (5.1) through ( 5 . 8 )  as change  in  PWLdB relative 
t o  that  i n  the case of 45 radial vanes a t  g/Cr = 0.15. Linear 
vanes,  i.e. straight leaning vanes,  are considered i n  the data 
p r e s e n t e d   i n  Figs. (5.1) through (5.5) .  L i n e a r -   y v a n e s ,  i.e. 
rad ia l ly  curved  vanes  described i n  s e c t i o n  2 ,  are considered 
f o r  the r e s u l t s  p r e s e n t e d  i n  Figs. ( 5 . 6 )  through (5.8) .  
I n  the configuration employing 45  radial vanes the estimated 
reduct ion  in  sound power level by i n c r e a s i n g  the r o t o r - s t a t o r  
gap from 0.15 t o  1.0, as shown i n  Fig. (5.1), appears  t o  be 
i n  agreement w i t h  the experimental  measurements given in refs. 
(8)  and (9). When the gap is  fu r the r  i nc reased  t o  g/cr = 2.0, 
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the r e d u c t i o n  i n  PWLdB observed i n  t h e  test data w a s  no t  as 
large as that predicted i n  F i g .  (5.1). It is conceivable  that 
the noise  genera ted  by the rotor itself is of the same order 
of magnitude as tha t  from the wake-vane i n t e r a c t i o n  a t  such 
large rotor-stator gap. 
Even though there is n e g l i g i b l e  r e d u c t i o n  i n  the amplitudes 
of the f l u c t u a t i n g  forces on the vane element when w e  i n c r e a s e  
t he  vane number from 45 t o  90, as can be seen from Figs.  (3.7) 
and (3,8), our  computat ions indicate  a large r e d u c t i o n  i n  
sound power level. The reason for such behavior lies i n  the 
values  of the Bessel funct ions of  order  m*, which is +42 for  
V = 90 and -3 for  V = 45 over t h e  region of i n t e g r a t i o n  i n  
Eq. (4.10). H o w e v e r ,  for tl-e Same reason mentioned in  the pre- 
ceeding paragraph, these large reduct ions  in  sound power level 
i n d i c a t e d  i n  Fig.  (5.5) w e r e  not  observed in  experimental  
measurements. 
Inc reas ing  the vane number up t o  70 r e s u l t s  i n  a n  increase i n  
sound power level, whereas f u r t h e r  i n c r e a s e  i n  vane number 
yields cons ide rab le  r educ t ion  in  sound power level. The 
reasons for such behavior l ie  i n  the values  of the Bessel 
func t ion  Jm* over the range rh 5 r 5 rt and 0 5 9 5 90°, It 
i s  i n t e r e s t i n g  t o  examine t h e  l o c a t i o n  of the first zero of 
Jm* relative t o  the m a x i m u m  va lue  of the argument, k r s i n q  , 
i n  the region of i n t e g r a t i o n  of Im*n of Eq. (4.10).  For the 
the  values  of m* corresponding t o  the 
and the l o c a t i o n s  of the f irst  zeros 
( 5.9). The maximum va lue  of the 
blade passing frequency,  
vane numbers considered, 
of Jm* are shown i n  Fig. 
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argument of t he  Bessel func t ion ,  also i n d i c a t e d  i n  t h e  f i g u r e ,  
does not depend upon the vane number. I n  the case of 70 vane 
conf igu ra t ion ,  m* = -28 and t h e  first z e r o  of Jm* occurs  very 
close t o  the maximum va lue  of the argument of the Bessel 
func t ion .  Inc reas ing  the vane number from 4 5  to ,b0 and  up t o  
70 causes  fewer zeros of t h e  Bessel f u n c t i o n s  t o  appear wi th in  
the reg ion  of i n t e g r a t i o n ,  l e a d i n g  t o  increase  in  sound power 
levels. With f u r t h e r  i n c r e a s e  i n  the vane  number, t h e  Bessel 
func t ion  Jm* exhibits n o  z e r o s  i n  the reg ion  of i n t e g r a t i o n ,  
b u t  i t s  magnitude fa l ls  off r a p i d l y  w i t h  i n c r e a s i n g  m*, Con- 
sequent ly ,  cons iderable  reduct ions  in  sound power level are 
estimated for  conf igu ra t ions  w i t h  83 and 90 vanes, 
I n  consider ing leaning vanes,  w e  observe from Eqs. (4.10) and 
(4.11) tha t  the in f luence  of vv w i l l  be large when the va lues  
of Jm* are large, wi thout  s ign  change ,  in  the region of in teg-  
ra t ion.  Such is the  case i n  the 70 vane  conf igura t ion ,  as 
d iscussed  above, and the r e s u l t s  p r e s e n t e d  i n  Figs, (5.1) 
through (5.3) a l s o  show t h a t  t h e  vane  lean  angle  is  more 
effective here t h a n  i n  a n y  of the other  vane numbers examined, 
For vane numbers 45 and 60 comparison of r e s u l t s  p r e s e n t e d  i n  
Pigs, (5.6) and (5.7) with corresponding data i n  F i g s ,  (5.1) 
and (5.2), shows that  t h e  advantage of l inear-   vanes  over  
the l inear  vanes  occurs  only  a t  large vane lean angles ,  
From the r e s u l t s  p r e s e n t e d  i n  Figs. (5J) through (5,8), one 
could conclude t ha t  70 l i n e a r -  ip vanes of l ean  ang le  20° 
located a t  g/Cr = 1.0 provide the same advantage as 45 vanes 
( r a d i a l  or leaning)  loca ted  a t  g/Cr = 2.0. 
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The a n a l y s i s  and the numer ica l  resu l t s  presented  here p o i n t  
ou t  the need for i n v e s t i g a t i n g  t h e  noise  genera ted  by the 
rotor itself. It would be inconsequent ia l  t o  reduce t h e  
noise  genera ted  by the wake-vane i n t e r a c t i o n  below tha t  from 
the rotor. I f  the n o i s e  from the wake-vane i n t e r a c t i o n  is of 
the same order of magnitude as t ha t  from the rotor, it is  
important t o  establish the phase-difference between them t o  
take fu l l  advan tage  of the use  of lean ing  vanes  in  fan  noise  
reduct ion.  
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6 .  Experiments  on a Small-scale Fan 
To assess the inf luence  of  wake-vane i n t e r a c t i o n s  on the  n o i s e  
from a n  a x i a l  fan, as ana lyzed  in  t h i s  report, an experimental  
program  on a small-scale f a n  w a s  carried out.  A d e s c r i p t i o n  of 
the fan  geometry, theoretical estimates and experimental measure- 
ments of the n o i s e  r e d u c t i o n  achieved. by vane configurat ion changes 
are p r e s e n t e d  i n  t h i s  sec t ion .  The spec i f i c  advan tages  of t he  
equipment employed are the ease w i t h  which the s ta tor  vane con- 
f i g u r a t i o n  c o u l d  be changed, and the use of an anechoic chamber 
f o r  measurements a t  a s u i t a b l e  d i s t a n c e  from the fan.  
a) Descr ip t ion  of equipment   and  s ta tor   configurat ions:  
A small-scale 1 2  in .  diameter f a n  w i t h  15 blades is dr iven  by 
an electric motor a t  7600 rpm, g i v i n g  u s  a blade passing frequency 
of 1900 cps. The housing of the fan and the motor are sketched 
i n  F ig ,  (6.1) . The suppor t ing  sp ide r  of 8 vanes is Located 
s u f f i c i e n t l y  downstream of the f a n  t o  minimize  in te rac t ion  w i t h  
the wakes shed from the rotor blades. S ince  w e  have designed 
our experiment around a commercially available f a n  w i t h  a x i a l  
inflow, w e  employed ze ro - tu rn ing   i n l e tgu idevanes .  The choice  
of the number of vanes w a s  p red ica t ed  by t h e  behavior of t h e  
corresponding Bessel funct ion and i ts  in f luence  on the effec- 
t i v e n e s s  of vane  lean,  as d i s c u s s e d  i n  s e c t i o n  5, Four stator 
conf igu ra t ions ,  each having twelve vanes, were examined and 
the dimensions of t he  vanes employed are indica ted  i n  F ig .  
(6.1).  The stator conf igu ra t ion  No.  1 con ta in ing  radial  vanes 
served as a r e fe rence ,  and i n  c o n f i g u r a t i o n  Nos. 2 and 3 l inear  
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vanes w i t h  lean angles  ),J = 22.69O and 52.39O r e s p e c t i v e l y  are 
used. In  conf igu ra t ion  No.  4 we employed radially curved 
vanes w i t h  hub and t i p  loca t ions  of  each vane being the same 
as in  Conf igura t ion  No. 3. The rad ius  of curva ture  of t h e s e  
vanes w a s  chosen t o  be ,3806 times the f a n  diameter, g iv ing  us  
a close approximation t o  l inear-  vanes of t h e  same lean  angle  
as of conf igura t ion  No. 3. The above stator conf igura t ions  
are schematical ly  shown i n  Fig. (6.2). 
b) Theoretical estimate of the effect of vane configuration: 
A s  the rotor blades cross the w a k e s  from the upstream stator 
vanes, periodic f l u c t u a t i o n s  i n  aerodynamic forces occur on 
each blade. Such  f luc tua t ing  forces  and  the consequent 
acous t i c  r ad ia t ion  f ield can be examined i n  a manner analogous 
t o  tha t  d i scussed  in  sec t ions  3 and 4, except that  i n  t h i s  
case t h e  r o t a t i n g  blades i n t e r a c t  w i t h  s t a t i o n a r y  w a k e s  from 
the  upstream stator. I t  is t o  be noted that  because the 
stator vanes are designed f o r  n o  flow tu rn ing ,  t h e  gemetric 
loca t ions  of the wakes are ident ical  t o  tha t  of the vanes and 
t h a t  t h e  rotor blades are radial. 
I n  stator conf igura t ion  2 ,  3 and 4 employing leaning vanes, 
the wakes  shed from the vanes w i l l  have the same non-radial  
geometry as that  of the vanes.  Consequently, the coefficients 
CW1 and CW2 i n  Eq. (2.4) for pw w i l l  depend upon the  non- 
radial geometry of the vanes employed i n  each configurat ion.  
The radial v a r i a t i o n  Of vw occur r ing  in  each of the stator 
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conf igura t ions  (1) through (4) are shown i n  Fig, (6.3). The 
angles  8, a t  which the rotor blades i n t e r s e c t  the wake  c e n t e r  
l i n e s  a t  var ious  radii are canputed from Eq. ( 2 , 5 ) ,  and the 
radial v a r i a t i o n  of 8, for each conf igu ra t ion  i s  shown i n  Fig. 
(6.4). With appropriate modif icat ion,  Eq. (3.5) can be employed 
for c a l c u l a t i n g  the amplitude of the nth harmonic of the f luc -  
t u a t i n g  upwash angle  a t  the rotor blade l ead ing  edge. A sketch 
rep resen t ing  the motion of an element of rotor blade through 
the w a k e s  from the  stator vanes is shown i n  Fig. (6.5). Eq. (3.7) 
derived earlier can be modified t o  ob ta in  ( A L ) n  on a rotor 
blade element of l eng th  dr  located at  r a d i u s  r. The radial 
A 
v a r i a t i o n  of amplitudes of the fundamental component of the 
f l u c t u a t i n g  lift force t h u s  computed for the stator configura- 
Lions considered are shown i n  F f g .  (6.6). .The o r d i n a t e  ( A  L) 1 
shown i n  Fig. (6.6) is  pounds force per foot l e n g t h  of the rotor 
4 
blade. 
I n  d e r i v i n g  the re la t ions  cor responding  t o  Eqs, (4.7) and (4.10) 
for  app l i ca t ion  t o  the p resen t  f an  conf igu ra t ion ,  le t  us con- 
sider that a w a k e  is crossed by a rotor blade a t  the hub a t  
time t = 0, The ins tan taneous  loca t ions  of the wake and blade 
are schematically shown i n  Fig. (6.7). Consider the reference  
meridional  plane,  k 0 ,  passing through t h i s  wake-blade i n t e r -  
s ec t ion  po in t .  Along t h i s  wake ,  under  cons idera t ion ,  the blade 
c ross ing  a t  any other radial l o c a t i o n  would occur a t  
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W e  also n o t e  that ,  due t o  the o b l i q u i t y  of the wake-blade i n t e r -  
a c t i o n  the amplitude of the f l u c t u a t i n g  p r e s s u r e  would be lower 
than  that  i n d i c a t e d  i n  Eq. (4.2).  Consequently,  in Eq. (4.2) 
w e  can  rep lace  amn by am 6 by ( 6 -  vw) and t by (t- y d 2 7 T N )  I 
t o  w r i t e  
f o r  the f l u c t u a t i n g  p r e s s u r e  d i s t r i b u t i o n  i n  the cross-sec t iona l  
plane near  stator-rotor i n t e r a c t i o n  zone.  Introducing the 
corresponding modification i n  Eq. (4.10) , w e  ob ta in  
Following the procedure adopted i n  s e c t i o n  4 ,  w e  can replace 
I 
A 
i n  t h e  above equation by ( A L) i n  e v a l u a t i n g  the integral  
Im*n for  u s e  i n  Eq. (4.13) and obtain the relative effect of 
changes i n  vane conf igura t ion .  W e  no te  tha t  m*= -3 from 
Eq,  (4.3) at n = 1 (i.e. blade passing f requency) ,  for  the vane 
number employed i n   o u r  stator conf igura t ions .  E q s ,  (4.13)  and 
(4.14) can be employed t o  e v a l u a t e  relative changes i n  sound 
p res su re  level and power level r e s u l t i n g  from vane  conf igura t ion  
changes. The sound  power level c a l c u l a t i o n s  for  the small-scale 
f an  conf igu ra t ions  are based on hemispherical area given by 
0 r y  5 n/2, t o  conform w i t h  the eva lua t ion  of the experimental  
data d i s c u s s e d  i n  the fol lowing sect ion.  The relative changes 
i n  power levels thus  ob ta ined  for  l i n e a r  v a n e s  a n d  l i n e a r  p v a n e s  
a t  va r ious  l ean  ang le s  are shown in  F ig .  (6.8). It should be 
noted t h a t  r o t o r  n o i s e  i s  i gnored  in  these ca lcu la t ions .  
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L e t  us define an average acoustic pressure based on the acoustic 
power and seek the   re la t ive  change i n  the average acoustic 
pressure as caused by change i n  stator configuration. Relative 
t o  the  radial vane configuration, we  can w r i t e  
-  P C  = (antilog 
APWLdB 10 1 ,! 
PC1 
where the subscript c l  r e f e r s   t o  the radial  vane configuration 
and the subscript c r e f e r s   t o  any one of the other configurations, 
I n  the right hand side of the above equation LPWLd?3 i s  the 
relative change i n  power level as presented i n  Fig. (6.8). The 
values of Fc/ pcl computed for  the stator configurations 2, 3 - 
and 4 are  listed i n  Table 6.2. 
c) Acoustic measurements on the small-scale fan: 
The sound pressure level measurements w e r e  carried out a t  Wyle 
Laboratories i n  t h e i r  30 f t .  diameter  anechoic chamber. Our 
small-scale fan was located at the center of the chamber w i t h  
the fan center a t  a height of 5 fee t  from the floor. The micro- 
phone was secured t o  a boom mounted on a remotely operated turn- 
table ,  to  obtain measurements at various aspect angles i n  the 
azimuthal plane along a circular arc a t  a distance of 5 feet 
from the fan center. The  sound pressure levels from one-third 
ocatve analysis of the  test data taken on a l l  the four stator 
configurations, at the fundamental blade passing frequency of 
1900 cps, i s  presented i n  Fig. (6.9) .  By mounting the entrance 
bell-mouth without any s ta tor  vanes, we  obtained the  measurements 
for  the "rotor-aloneN configuration. However, it was not possible 
t o  mount the hub, since i ts  support was from the s ta tor  vanes as 
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shown i n  Fig. (6.1). The noise measurements taken on this config- 
uration may be higher than those originating from the rotor, bu t  
could be considered t o  be a close approximation t o  it. 
TO i l l u s t r a t e  the presence of discrete peaks a t  the blade passing 
frequency, narruw band analysis of the data taken a t  an aspect 
angle = 60° on each stator configuration and the nrotor-alone* 
configuration, are presented i n  Figs. (6.10) through (6.14). 
The theoretical discussion presented i n  section 4 would indicate 
a synmnetric radiation field. The experimental data presented i n  
Fig, (6.9) show increased sound pressure levels for* greater 
than 90°, Consequently, we uti l ized the narrQw band analysis 
of data over the front hemisphere only, i.e. 0 CY., 5 90°, t o  
obtain power levels. The changes i n  sound power levels for each 
of the configurations relative t o  that for the radial  vane 
configuration are listed i n  T a b l e  6.2. 
The theoretical estimate of the relat ive effect of vane config- 
urations presented i n  Fig. ( 6 . 8 )  are based on the wake-blade 
interaction alone, whereas i n  our measurements there is always 
present the noise originating from the rotor also. I n  contrast 
t o  the experiments on LF 336, we are fortunate i n  having the 
capabi l i ty  to  tes t  the "rotor-alone" configuration i n  our small- 
scale fan. The avai labi l i ty  of such data enables US to recast 
our theoretical estimates t o  include the noise from the rotor 
also. From the reduction i n  sound power level observed for the 
rotor alone relative to configuration i, we can w r i t e  
" 
where Er,represents the contribution from the rotor. Thus 
It is t o  be noted tha t  the above estimate of average sound 
pressure from the rotor itself is based on experimental data. 
Utilizing the theoretical  calculations of PC / Fcl as listed i n  
Tab le  (6.2), the relat ive changes i n  acoustic power level can be 
computed fo r  each fan configuration. For example, i n  replacing 
stator configuration 1 by configuration 3, we estimate a change 
i n  acoustic power level of the fan as 
2 
= 4.12 
Simi lar  theoretical estimates for the various stator vane config- 
urations employed on the small-scale fan are presented i n  T a b l e  
6.2 and Fig,  (6.15). 
Experimental data on the stator configurations 2 and 3 show 
larger reductions i n  sound power level than those predicted from 
theoretical calculations, It is  i n t e r e s t i n g  t o  observe tha t  
configuration 4 performed sl ight ly  inferior to configuration 3 
i n  reducing sound power level, contrary t o  our theoretical pre- 
dictions. I n  deriving E q s .  (6.4) and (6.5),  employed i n  our 
theoretical predictions, the acoustic wave from wake-blade 
interactions was assumed to be i n  phase w i t h  that  from the rotor 
i t s e l f .  The discrepancy between test data and theoretical  
prediction on configuration 4 relative  to  configuration 3 p o i n t s  
out the need for  further investigation of such an assumption. 
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7 .  Concluding R e m a r k s  and Recommendations 
From the results of our s t u d i e s ,  p r e s e n t e d  i n  t h i s  r e p o r t ,  
the concept of f an  no i se  r educ t ion  by the use  use  of non-radial  
s t a to r  vanes  shows d e f i n i t e  promise, Cor re l a t ion  of available 
experimental  data w i t h  c a l c u l a t e d  r e s u l t s  for the large-scale 
LF336 fan,  and a small-scale fan used in  our  experimental  
program, i n d i c a t e  the val idi ty  of the theoretical a n a l y s i s  
presented  here. 
The noise  genera ted  by the rotor itself is not  inc luded  in  our  
present s tud ie s ,  and  on ly  the in f luence  of vane-blade inter-  
a c t i o n  is examined.  Consequently,  caution is r e q u i r e d  i n  
e s t ima t ing  the effect of non-radlal vanes on the to ta l  n o i s e  
radiated from a fan  as d i s c u s s e d  i n  s e c t i o n s  5 and 6 of t h i s  
report , 
The inf luence  of vane number on f an  no i se  is readily observable 
i n  the s implif ied ana lys i s  presented  here. As the vane number 
is changed, the sound power level can increase or decrease 
depending upon the o rde r ,  m*, of the predominant Bessel func t ion ,  
as d i s c u s s e d  i n  s e c t i o n  5.  The e f f e c t i v e n e s s  of vane lean also 
is  inf luenced by the va lue  of m*, w h i c h  in  turn  depends  upon 
the vane number. 
The s i m p l i f i e d  r e p r e s e n t a t i o n  of the radiated n o i s e  f ield,  
g i v e n  i n  this repor t ,  i nc ludes  the effect of the o b l i q u i t y  of 
vane-blade intersect ion on the magnitude of the f l u c t u a t i n g  
force on the vane element, as w e l l  as the space- t ime var ia t ions  
of the Occurence of such  in t e r sec t ions  a long  the radial  direc- 
t i o n ,  However, i n  the present  s tudy  no  a l lowance  w a s  made for 
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possible phase difference between the occurence of the vane- 
blade i n t e r s e c t i o n  a n d  the r e s u l t i n g  force on the vane element, 
It is  recommended t h a t  s u c h  phase d i f f e r e n c e s  be examined i n  
f u t u r e  studies on the sub jec t .  
The n o i s e  radiated f r o m  the wake-vane i n t e r a c t i o n  effect i n  a 
fan need not n e c e s s a r i l y  be i n  phase w i t h  t h e  n o i s e  from the 
rotor i tself .  Such phase differences depend upon the ro to r -  
stator design parameters, vane-lean angle, and the a s p e c t  
a n g l e  i n  t h e  radiated n o i s e  field. For stator conf igu ra t ions ,  
where the noise  genera ted  by the vane-b lade  in te rac t ion  effects 
is cumparable t o  t h a t  o r i g i n a t i n g  i n  the rotor i t se l f ,  it i s  
necessary t o  examine such phase differences between these two 
s o u r c e s  o f  n o i s e ,  t o  take f u l l  a d v a n t a g e  of the use of lean ing  
vanes,  Consequently, a detailed s t u d y  of the noise  genera ted  
by and r a d i a t i n g  from the r o t o r  i tself  is recommended for 
f u t u r e  s t u d i e s  on fan  noise  reduct ion .  
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Table 2 .1  Rotor D e s i g n  Parameters  Used i n  Acoustic 
Computations on "336 Fan 
r 
cD 
1: 
'F/d 
V 
r2 
B* 2 
B 
u n i t s  
ft.  
ft. 
hub p i t c h  
0.6917  1.0958 
0 . 2033 0.2033 
0.034 0.04 
1.84  1.23 
ft/sec 740.0 945.0 
f t/s ec 625.0 700.0 
de9 0 25.0 
de9 -18.23  16.56 
deg 0.76  -2.23
42  b lades  
t i p  
1.5 
0.2225 
0.045 
1.0 
1145.0 
850.0 
42.0 
36.16 
-2.93 
N 100 rps 
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Table 2.2 Stator Design Parameters  Used i n  A c o u s t i c  
Computations on LF336 Fan 
u n i t s   h u b  pitch 
r f t  0.782 
cv(v=45) f t  . 0.1667 
vS f t/sec 810.0 
1.1133 
0,1799 
750.0 
32.65 
1.444 
0.2 
745.0 
32.5 
I n  c o n s i d e r i n g  d i f f e r e n t  v a n e  n u m b e r s  the vane chord Cv 
is p r o p o r t i o n a t e l y  c h a n g e d  t o  ma in ta in  the same sol idi ty  
at hub, pitch and t i p  l o c a t i o n s .  
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Table 3.1 The Amplitude a t  t h e  Fundamental of the Fluctuat ing 
Upwash Computed a t  S t a to r  Leading Edge, i n  LF336 Fan 
hub p i t c h   t i  
A 
(6d I1 a t  g/Cr = 0.15 
A 
( 6 d ) 1  a t  g k ,  = 1.0 
3.29O 4.66O 7.11° 
1.9O 2.7O 3,9O 
1 .2O 1.82O 2.53O 
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Table 6.1 Design Parameters Used in Acoustic 
Computations on Small-scale Fan 
r 
'r 
'v 
units 
ft. 
ft . 
cD 
V 
Axial 
velocity ft/sec 
"5 ft/sec 
g ft 
B 15 blades 
N 126.66 rps 
hub 
.238 
.125 
. 104 
.015 
79.6 
205.4. 
.05 
0.42 
pitch 
.367 
.117 
. 104 
,015 
79.6 
302.4 
.om 
0 -18 
t iP 
.496 
. 115 
. 104 
-015 
79.6 
402.7 
007 
0 0 1  
V 12 vanes 
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P 
I 
0 
I 
Table 6.2 Correlation of Acoustic Data a t  Blade Passing Frequency 
on the Small-scale Fan 
(based on front hemisphere given by 0 - < 5 ~ / 2 )  
s t a to r  conf ig. PWLdB from Relative reduc- 
- 
PC’ P C 1  Theoretical number test data  t ion i n  PWLdB e st imat e of 
from test  data   re la t ive reduc- 
t ion i n  PWLdB 
1 93.77 0 1.0 0 
2 90.13  -3.64 0.68 -1.89 
3 86.69  -7.08  0.382 -4.12 
4 86.88  -6.69 0.155 -6.31 
rotor  alone 85-57 -8.2 0,637 ( not  estimated) 
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Fig. 2.1 Sketch Showing a Rotor Blade and Its Wake L o c a t i o n  
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F i g .  6 .1  Sketch of the Small-scale Fan for T e s t i n g  Vane Configurations,  
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Fig. 6.2 Stator Vane Configuratisan U s e d  on the Small-scale Fan, 
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Fig .  6.5 R e p r e s e n t a t i o n  of the Fundamental of the 
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F i g .  6.7 Sketch Showing Rotor Blade and 
Wake Geometry i n  Small-scale Fan. 
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Fig. 6.9 Sound Pressure Level at Various Aspect Angles for the 
Stator Configurations i n  Small-scale Fan 
(from one-third octave analysis of test  
data at blade passing frequency) 
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F i g ,  6.10 Sound Pressure Level versus Frequency from Narraw  Band 
Analysis of Data at = 60° on Configuration 1, 
(band width-lOHz) 
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Fig, 6.11 Sound Pressure Level versus Frequency from Narrow Band 
Analysis of  Data at = 60° on Configuration 2 
(band width-10Hz) 
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F i g ,  6.12 Sound Pressure Level versus Frequency from Narrow Band 
Analysis of Data at q = 60° on Configuration 3 
(band width-lOHz) 
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F i g ,  6.13 Sound Pressure Level versus Frequency fran Narraw Band 
Analysis of Data at W =  60° on Configuration 4 
(band Width-lOHz) 
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Fig, 6.14 Sound Pressure Level versus Frequency from Narrow Band Analys i s  
of Data at “4 = 60° on Rotor-Alone Confisuration 
(band width-10Hz) 
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